Fission yeast cdc2(cdk1) activity is also known to prevent rereplication in G2 (Hayles et al., 1994; CorreaDepartment of Genetics Bordes and Nurse, 1995; Fisher and Nurse, 1996 Hayashi, 1996) . Higher eukaryote cdk1, therefore, is also eukaryotic gene, negatively regulates the levels of required for both M phase and the coupling of S and cyclins A, B, and B3. These mitotic cyclins that bind M phase. Cdk1 complexes might prolong the block of and activate cdk1(cdc2) are rapidly degraded during reinitiation of DNA replication during late S and G2 when exit from M and during G1. While Drosophila fizzy has cyclin E/cdk2 activity, which presumably triggers the previously been shown to be required for cyclin de-G1/S transition (Knoblich et al., 1994) and establishes struction during M phase, fzr is required for cyclin the block of reinitiation, is no longer present. removal during G1 when the embryonic epidermal cell Endoreduplication cycles occur not only in mutant but proliferation stops and during G2 preceding salivary also during normal Drosophila development in a precise gland endoreduplication. Loss of fzr causes progrestemporal and spatial pattern (Smith and Orr-Weaver, sion through an extra division cycle in the epidermis 1991). Consistent with the proposed functional specialand inhibition of endoreduplication in the salivary ization of Drosophila cyclins, these endoreduplication gland, in addition to failure of cyclin removal. Concycles are characterized by absence of A-and B-type versely, premature fzr overexpression down-regulates cyclins and by periodic cyclin E expression triggering mitotic cyclins, inhibits mitosis, and transforms mitotic each of the endocycle S phases (Edgar and Lehner, cycles into endoreduplication cycles.
Introduction the actual initiation requires the regeneration of cdk activity. In yeast, this regeneration is very carefully reguCyclin proteins are characterized by a conserved dolated at multiple levels to prevent a premature onset of main, the cyclin box, which mediates binding and activa-S phase. First, transcription of B-type cyclins is inhibited tion of cyclin-dependent kinases (cdk). Cdk1(cdc2) acin G1 (Epstein and Cross, 1992 ; Schwob and Nasmyth, tivity triggers entry into mitosis and is dependent on 1993; Maher et al., 1995) . Second, proteolysis of B-type binding of A-or B-type cyclins. These cyclins have a cyclins, which starts during mitosis, continues during second motif, the destruction box, which results in their G1 (Amon et al., 1994; Irniger et al., 1995) . Third, cdk rapid proteolysis during mitosis (Glotzer et al., 1991) .
inhibitors like Sic1p and p25rum1 inhibit B-type cyclin/ Mutant cyclins without a functional destruction box cdk1 complexes during G1 (Schwob et al., 1994 ; Correaarrest cells in mitosis with high cdk1 activity. The mitotic Bordes and Nurse, 1995) . degradation of cyclins, therefore, is required for inactivaThe activation of both cdk1 and cdk2 complexes is tion of cdk1 and exit from mitosis. also carefully controlled in higher eukaryotes by compaCdk1 regulation is also crucial for ordering S and M rable regulation. Transcriptional control of cyclin exphase, as emphasized by recent observations in diverse pression and the importance of cdk inhibitors are well eukaryotic species. Mitotic inactivation of B-type cyclin/ established (reviewed by Sherr, 1994; Harper and Elledge, Cdc28(cdk1) in budding yeast results in acquisition of 1996). Proteolysis of mitotic cyclins persists also in a characteristic footprint at DNA replication origins in mammalian cells throughout G1 (Brandeis and Hunt, vivo and competence to initiate another round of DNA 1996) . Similarly, despite the presence of mRNAs, no replication (Diffley et al., 1994; Dahmann et al., 1995;  mitotic cyclin accumulation is observed when cells enter Cocker et al., 1996) . The subsequent reactivation of for the first time into a G1 phase during Drosophila B-type cyclin/Cdc28 at the G1/S transition triggers initiaembryogenesis. However, cyclin accumulation starts tion of DNA replication in parallel with a reorganization concomitant with entry into S, when cyclin E is exof origin complexes and a concomitant loss of initiation pressed in these G1 cells (Knoblich et al., 1994) . Cyclin competence. Cdc28 activity present during the reminder E/cdk2 activity, therefore, does not only trigger S phase of the cell cycle (S and G2) inhibits the assembly of but terminates also mitotic cyclin proteolysis, perhaps initiation-competent complexes and thus prevents reiniin an indirect way. tiation until B-type cyclins are again degraded in mitosis.
Here, we identify the Drosophila fizzy-related (fzr) gene as an important negative regulator of mitotic cyclin accumulation. fzr is required when cells exit from the *Present Address: Friedrich-Miescher-Laboratorium der Maxmitotic cycle during embryogenesis. In fzr-deficient emPlanck-Gesellschaft, Spemannstrasse 37-39, 72076 Tü bingen, Federal Republic of Germany.
bryos, epidermal cells progress through an extra division
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cycle instead of arresting in G1 after the terminal mitosis.
an ideal organism for biochemical analyses of cyclin Moreover, postmitotic salivary gland cells fail to enter proteolysis, we identified the Xenopus fzr gene. Subseendoreduplication cycles. These defects are preceded quent analyses revealed the presence of both, fzy and by an unscheduled accumulation of mitotic cyclins. fzr, fzr, in Drosophila and Xenopus ( Figure 1 , and data not therefore, might trigger the destruction of mitotic cyclins shown; for details, see Experimental Procedures). Sein postmitotic cells as a condition for G1 arrest or onset quencing projects have identified apparent fzy and fzr of endoreduplication.
homologs in S. pombe, C. elegans, and vertebrates (Figure 1B , and data not shown). A human fzy homolog has been described previously (Weinstein et al., 1994) . While Results the S. cerevisiae gene HCT1 (Schwab et al., 1997 [this issue of Cell] ) is similar to fzr, an obvious fzy homolog fizzy and fizzy-related Genes in Metazoans cannot be recognized in S. cerevisiae. However, since Drosophila fizzy (fzy) is required for cell cycle progresfzy appears to be less conserved than fzr ( Figure 1B ), sion beyond metaphase and for mitotic degradation of it remains a possibility that S. cerevisiae CDC20, which A-and B-type cyclins (Dawson et al., 1993 (Dawson et al., , 1995 Sigrist has a mutant phenotype similar to that of Drosophila et al., 1995) . Its biochemical activity remains to be clarified. In an attempt to identify a fzy homolog in Xenopus, fzy, represent a diverged homolog. Weinstein et al., 1994) and Xenopus fzy homologs (Xl fzy) and Drosophila fzy (Dm fzy), a second branch is formed by the putative human (Hs fzr) and Xenopus fzr homologs (Xl fzr) and Drosophila fzr (Dm fzr). While the budding yeast gene HCT1 is similar to the fzr genes, it is difficult to classify CDC20. The dendrogram was generated with the PILE-UP program of the GCG software package.
The protein products encoded by the fzy and fzr cDNAs are highly similar in their C-terminal domains, which are composed of seven WD repeats ( Figure 1A ). These repeats, which are found in many functionally diverse proteins (Neer et al., 1994) , were first identified in ␤-transducin. A crystallographic analysis has demonstrated that these WD-or ␤-transducin repeats form a seven propeller structure that provides protein-protein interaction faces in trimeric G-protein complexes (Wall et al., 1995; Lambright et al., 1996) . In the N-terminal domain, similarities between fzy and fzr are restricted to a few motifs ( Figure 1A ).
Loss of fzr Results in Ectopic Cyclin A and B Accumulation and an Extra Cell Cycle Instead of G1 Arrest
Drosophila fzy expression is tightly correlated with mitotic cell proliferation during embryogenesis (Dawson et al., 1995) . Developmental Northern blots (not shown) and in situ hybridization ( Figure 2 ) revealed a distinct expression pattern in the case of fzr. Maternally derived fzr transcripts present at the onset of embryogenesis ( Figure 2A ) disappeared during the syncytial embryonic cycles ( Figure 2B ). Zygotic expression started in yolk nuclei after the thirteenth embryonic mitosis (during the stages where the nuclei at the egg periphery are cellularized) and was detectable during gastrulation ( Figure  2C ). In the newly formed cells at the egg periphery, we failed to detect signals above background during the stages of the embryonic division cycles 14 and 15 (Figure 2C , and data not shown). At stage 11, expression was observed in the salivary placodes and in the anterior and posterior midgut primordia at high levels ( Figure  2D ) followed by expression at lower levels apparently throughout the embryo ( Figure 2F ). While the fzr transcript distribution anticipated the pattern of endoreduplication in internal tissues during germband retraction, we observed decreasing signals in meso-and epidermal tissues ( Figure 2G ). During subsequent late embryonic stages, signal intensity decreased throughout the embryo to background levels (not shown). According to these results, therefore, fzr expression is not correlated with mitotic proliferation but is observed in (Frank and Rushlow, 1996) . The resulting lack retraction. In a number of control experiments, therefore, we used hnt mutant embryos in addition to wildtype embryos.
To evaluate a role of fzr for mitotic cyclin accumulation, we immunolabeled deficient embryos with antibodies against cyclin A. The first abnormalities were observed at the stages where cells become postmitotic. In wild-type epidermis, cell proliferation stops after mitosis 16, when cells enter for the first time into G1 and stop mitotic cyclin accumulation (cyclins A, B, and B3) despite the presence of perduring transcripts (Knoblich et al., 1994) . In contrast to wild-type and hnt mutant embryos ( Figure 3A ), we observed a rapid reaccumulation of cyclin A ( Figure 3C ) and cyclins B and B3 (not shown) in deficient embryos after mitosis 16. By in situ hybridization, we failed to detect an increase of the corresponding transcript levels, suggesting that cyclin A, B, and B3 reaccumulation in deficient embryos was caused by posttranscriptional regulation. This ectopic cyclin reaccumulation occurred with the same kinetics that is also observed in an exceptional restricted thoracic region where epidermal cells always progress through an additional division cycle after mitosis 16 instead of arresting in G1 (Knoblich et al., 1994) . The ectopic cyclin accumulation throughout the epidermis of deficient embryos was also followed by an additional division in all cells. This extra division is illustrated in Figure 3D , which shows a very high frequency of mitotic figures three hours after the stage of mitosis 16 ( Figure 3D ) when all epidermal cells are postmitotic in wild-type and hnt mutant embryos ( Figure 3B , and data not shown).
The extra division that occurred in the deficient embryos appeared completely normal, also with regard to degradation of cyclins A, B, and B3 ( Figures 3E-3G ). Pulse labeling with BrdU demonstrated that the extra division was preceded by S phase. All epidermal cells in deficient embryos incorporated BrdU after mitosis 16 ( Figures 3H and 3I ) instead of arresting in G1 as observed during wild-type development (Edgar and O'Farrell, 1990; Knoblich et al., 1994) . The spatial and temporal pattern of BrdU incorporation closely matched the pat- Dawson et al., 1993 Dawson et al., , 1995 Sigrist et phase ( Figure 5B ). In the deficient embryos, however, these cyclins were clearly present ( Figure 5C ) and salial., 1995) . However, in the ventral epidermis, where the vary glands failed to incorporate BrdU ( Figure 5E ) at the proliferation program is delayed compared to the dorsal stage where the first endoreduplication occurred in wild epidermis, the maternal contribution is insufficient. Contype ( Figure 5D ). Endoreduplication failed also in the sequently, cells in the ventral epidermis of fzy mutants other internal tissues of deficient embryos (not shown). become frequently arrested in metaphase ( Figure 4A , Hs-fzr expression restored BrdU incorporation in sali-[ve]; Dawson et al., 1993 Dawson et al., , 1995 Sigrist et al., 1995) . The vary glands of deficient embryos at the stage of the frequency of metaphase-arrested cells appeared similar first endoreduplication ( Figure 5F ) and in other internal in fzy and in fzy fzr double mutants (85 Ϯ 19 and 69 Ϯ tissues as well, even when expressed at levels below 13, respectively, in the same thoracic region, n ϭ 4 the endogenous fzr expression. Moreover, Hs-fzr exembryos). Loss of fzr, therefore, does not enhance the pression also suppressed the ectopic accumulation of fzy mutant phenotype at the stage where the phenotype mitotic cyclins in internal tissues (data not shown, but normally becomes apparent (compare Figures 4A and  see below) . We conclude, therefore, that fzr is required 4B). However, cells in the dorsal epidermis of double for suppression of cyclin A, B, and B3 accumulation and mutants entered an extra division cycle after mitosis 16, for entry into endoreduplication in the salivary gland. as also observed in embryos deficient for fzr (Figure 3) . Interestingly, these dorsal epidermal cells all became Premature Overexpression of fzr Down-Regulates arrested during metaphase of the extra division in the Cyclins A, B, and B3 and Inhibits Mitosis double mutants ( Figure 4C ), while they progressed norLoss of fzr results in ectopic accumulation of cyclins mally through this extra division in embryos lacking only A, B, and B3 in both epidermis and internal tissues. fzr ( Figures 3E-3G ). These observations suggested that Additional support for the idea that fzr acts as a negative fzy and fzr are specialized for the down-regulation of regulator of cyclin levels was provided by the analysis cyclin levels in either mitosis or interphase, respectively. of deficient embryos that were also mutant in Cyclin A (CycA). In CycA mutants, the maternally derived cyclin
Loss of fzr Inhibits Endoreduplication in G2 Cells
A is no longer sufficient for progression through mitosis Abnormal accumulation of mitotic cyclins was not only 16 in the epidermis (Lehner and O'Farrell, 1989) . In douobserved in the epidermal G1 cells after mitosis 16 but ble mutants, however, lacking both zygotic fzr and CycA also in internal tissues ( Figures 5A and 5C , and data not expression, we observed a normal progression through shown). The cells in these internal tissues start with mitosis 16 followed by an ectopic S phase (see Experiendoreduplication in a defined spatial and temporal patmental Procedures). We wanted to test whether prematern already during embryogenesis. Interestingly, in situ ture expression of fzr already during the embryonic hybridization experiments (Figure 2 ) indicated that fzr division cycles is sufficient to bring about a premature expression is especially high precisely during the transidown-regulation of mitotic cyclins. For these experition from mitotic proliferation to endoreduplication. ments, we used prd-Gal4 and UAS-fzr transgenes. The To analyze the role of fzr during the transition to endosimultaneous presence of these two transgenes results cycles, we concentrated on the prospective salivary in premature fzr overexpression in alternating epidermal gland cells. These cells stop to divide after mitosis 15.
segments. Previous analyses (Lane et al., 1996) have This final division is followed by an immediate entry into shown that prd-Gal4-directed expression starts during S phase 16, as also observed in all other cells of the embryonic cycle 15 and continues during cycle 16. Until embryo. In contrast to the epidermis, however, S phase G2 of cycle 16, we were unable to detect differences 16 is no longer followed by a division in the salivary between UAS-fzr-expressing and nonexpressing stripes. gland but by the first endoreduplication S phase (Smith However, in G2 of cycle 16, mitotic cyclins were severely and Orr-Weaver, 1991, and data not shown). Mitotic decreased in the fzr-expressing stripes according to cyclins are no longer detectable in wild-type salivary immunolabeling ( Figure 6A , and data not shown). Moreover, mitosis 16 was blocked (not shown), and therefore, glands before entry into the first endoreduplication S cell density was found to be reduced in the UAS-fzrthe premature disappearance of mitotic cyclins. Instead of this premature cyclin disappearance and inhibition of expressing stripes at a stage where the epidermal cell proliferation is completed ( Figure 6B ). We conclude that mitosis 16 resulting after UAS-fzr expression ( Figures  6A and 6B ), normal development until and including premature fzr overexpression down-regulates mitotic cyclins in epidermal cells and inhibits mitosis. Hs-fzr mitosis 16 followed by ectopic accumulation of mitotic cyclins after mitosis 16 and an additional extra divisions expression in wild-type embryos during G2 of cycle 16 resulted also in a complete inhibition of mitosis 16, but cycle resulted when UAS-CycE and UAS-fzr were expressed simultaneously ( Figure 6C ) and also when only prd-Gal4-directed expression of UAS-fzy had no effect (data not shown).
UAS-CycE was expressed ( Figures 6D and 6E ). All of these observations are consistent with the idea that Mitotic divisions were also inhibited during the imaginal disc cell proliferation, when UAS-fzr was expressed cyclin E/cdk2 inhibits FZR activity. with the help of an en-Gal4 transgene in the cells of the posterior compartment of imaginal discs. However, DNA Discussion labeling of imaginal discs at the end of larval development indicated that these UAS-fzr-expressing cells in Our analysis in Drosophila demonstrates that fzr is the posterior compartment did not arrest in G2 but conexpressed and of crucial importance when cells termitinued with DNA overreplication. While the cells in the nate cell proliferation during embryogenesis. Loss of anterior compartment of en-Gal4, UAS-fzr discs were fzr results in progression through an extra cell cycle in indistinguishable from control discs as expected (comepidermal cells and in inhibition of endoreduplication pare the left sides of Figures 6F and 6G ), fewer but very in salivary glands. These deviations from the normal big and intensely labeled cell nuclei were found in the developmental cell cycle program are accompanied by UAS-fzr-expressing posterior compartments (compare a failure to down-regulate mitotic cyclins (cyclins A, B, the right sides of Figures 6F and 6G) . and B3) that bind and activate cdk1(cdc2) kinase. Premature fzr overexpression, when epidermal cells still Inhibition of fzr Activity by Cyclin E/cdk2? proliferate, down-regulates mitotic cyclins followed by The disappearance of mitotic cyclins occurred with a inhibition of mitosis. As discussed below, all of these distinct delay after the onset of prd-Gal-directed expresfindings are consistent with the idea that FZR activates sion but precisely during the stage when cdk2 is thought degradation of mitotic cyclins and thereby prevents ecto become inactivated because of a decrease in cyclin topic cdk1(cdc2) activity when cells become postmi-E expression and a parallel increase in the expression totic. of the dacapo (dap) cdk inhibitor (Knoblich et al., 1994;  We have analyzed the consequences of loss of fzr de Nooji et al., 1996; Lane et al., 1996) . This coincidence with a deficiency deleting other genes in addition to fzr. of mitotic cyclin disappearance and cyclin E/cdk2 inactiHowever, in these deficient embryos, cell cycle defects vation raised the possibility that fzr activity might be occurred exclusively at stages and in tissues correinhibited by cyclin E/cdk2. Consistent with this notion, sponding to the dynamic developmental program of fzr we found that prd-Gal4 directed UAS-fzr expression reexpression. Moreover, the various cell cycle defects sulted in an earlier mitotic cyclin disappearance and were all corrected by expressing Hs-fzr in the deficient inhibition of mitosis, when it was directed in Cyclin E Ϫ embryos at levels below the endogenous fzr expression (CycE Ϫ ) mutant embryos (see Experimental Proceas judged by in situ hybridization. Finally, except for dures). Moreover, simultaneous prd-Gal4-directed expression of UAS-CycE in addition to UAS-fzr suppressed correcting the cell cycle defects in tissues that normally express fzr, this moderate Hs-fzr expression had no effects on cell cycle progression in deficient embryos.
fzr and the Control of S Phase
We have previously shown that ectopic cyclin E expression as well as failure to express the cyclin E/cdk2 inhibitor p27 DAP in the embryonic epidermis results in ectopic accumulation of mitotic cyclins and in progression through an ectopic division cycle instead of a G1 arrest (Knoblich et al., 1994; Lane et al., 1996) . Ectopic cyclin E/cdk2 activity in the postmitotic epidermal cells, therefore, has the same phenotypic consequences as loss of fzr, suggesting that FZR might act primarily as a negative regulator of cyclin E/cdk2 and indirectly on mitotic cyclins. All of the following findings, however, argue strongly against this interpretation. By immunolabeling with anti-cyclin E and anti-DAP antibodies, we cannot detect altered expression in either fzr-deficient embryos or after prd-Gal4-directed UAS-fzr expression (data not shown). In addition, while ectopic UAS-dap expression in the salivary gland during the larval stages inhibited endoreduplication effectively, UAS-fzr expression had no effect (data not shown). Finally, when UAS-fzr expression was directed to imaginal disc cells during the larval stages, endoreduplication instead of the normal mitotic proliferation resulted ( Figure 6F ), as also observed in CycA and Cdc2 mutants, but not in CycE mutants (Sauer et al., 1995; Hayashi, 1996) .
While all of our findings argue against the idea that fzr functions as a negative regulator of cyclin E/cdk2, they are consistent with our preferred interpretation that fzr acts primarily as a negative regulator of cdk1 activity that is not only required for M phase but also for making S phase dependent on M phase. In budding and fission yeast, cdk1 activity is clearly required to prevent inappropriate endoreduplication during the G2 phase (reviewed in Wuarin and Nurse, 1996) . Importantly, similar findings have also been made in higher eukaryotes that in contrast to yeast have both cdk1 and cdk2. In particular, the observations in CycA and Cdc2 mutants in Drosophila have suggested that cdk1 activity is also required to prevent an inappropriate endoreduplication during the G2 phase (Sauer et al., 1995; Hayashi, 1996 ; K. Weigmann and C. F. L., submitted). The onset of the developmentally programmed physiological endoreduplication in the salivary gland, therefore, might also depend on the inactivation of cdk1 complexes. This inactivation might be achieved by the down-regulation cyclins continue to accumulate and cdk1 activity is exet al., 1995; Peters et al., 1996; Zachariae et al., 1996) . In addition, it will be interesting to evaluate the relationpected to be maintained, resulting in the inhibition of ship of fzr and roughex, an unrelated Drosophila gene endoreduplication.
with a similar function required at other developmental While the inactivation of cdk1 is thought to establish stages (Thomas et al., 1997) . the competence to initiate another round of DNA replication, the actual onset of DNA replication is dependent Regulatory Differences Upstream and Downstream on the activation of cdk1 in yeast and cdk2 in higher of fzy and fzr? eukaryotes. Particular cyclins, Clb5 and Clb6 in yeast
Our double mutant analyses demonstrate that FZY and and cyclins E and A in higher eukaryotes, are normally FZR are specialized for the down-regulation of mitotic involved in this activation under physiological condicyclins during either M phase or interphase, respections. However, DNA replication can be activated in tively. fzy is expressed in proliferating cells and is reyeast and higher eukaryotes by cyclin/cdk1 complexes quired for progression beyond metaphase and mitotic that play little or no role during the G1/S transition under cyclin degradation; fzr transcripts accumulate when physiological conditions (D'Urso et al., 1990; Amon et cells become postmitotic and are required for cyclin al., 1994; Fisher and Nurse, 1996) . Moreover, ectopic down-regulation in G1 during cell cycle exit and in G2 expression of Drosophila cyclin A, which appears to before endoreduplication but not during mitosis. It will bind only to cdk1 and not to cdk2 (Knoblich et al., 1994) , be interesting to learn whether fzr is required in proliferis definitively capable of driving cells from G1 into S ating cells progressing through cell cycles with G1 ( Thomas et al., 1997) . Premature activation of cdk1 must phases (which do not occur during Drosophila empresumably be prevented when cells have to be mainbryogenesis). Since FZY and FZR promote down-regulatained in the G1 phase. The entry into an additional S tion of mitotic cyclins in different cell cycle phases, they phase that is observed in the epidermis of fzr-deficient might have evolved to respond to different regulatory embryos, therefore, might also result from the failure to inputs. A fraction of FZY is modified precisely during down-regulate the mitotic cyclins. the metaphase/anaphase transition when mitotic cyclin degradation starts (S. J. S. and C. F. L., unpublished data). Cyclin degradation during mitosis, and thus FZY FZR and FZY: Positive Regulators activity perhaps as well, is controlled by checkpoint of Cyclin Proteolysis?
mechanisms that monitor spindle integrity and chromoWe have identified fzr because of its similarity to fzy, some attachment (Wells, 1996) . which is required for progression beyond metaphase Degradation of mitotic cyclins during interphase, on and mitotic cyclin degradation (Dawson et al., 1993 , the other hand, appears to be important for cell cycle 1995; Sigrist et al., 1995) . fzr and fzy encode highly simiexit and entry into endoreduplication. fzr transcription lar proteins with seven WD repeats in the C-terminal is regulated by developmental cues that stop the embryregion. WD repeats are found in many proteins with onic cell proliferation. In addition, FZR appears to be diverse biological function (Neer et al., 1994) . They are regulated as well. Our observations suggest that FZR also found in budding yeast Cdc4p, which is required is negatively regulated by cyclin E/cdk2 activity, which for the ubiquitin-dependent proteolysis of important cell in turn is also controlled by the developmental cues that cycle regulators (Schwob et al., 1994; Blondel and Mann, stop the embryonic cell proliferation. These develop-1996). CDC4 acts in a pathway with CDC53, and interestmental cues result in CycE down-regulation and dacapo ingly, mutations in cul-1, a C. elegans homolog of up-regulation at the stage where cell proliferation is to CDC53, have recently been shown to result in a similar be arrested (Knoblich et al., 1994; de Nooji et al., 1996 ; inability to arrest cell proliferation at the appropriate Lane et al., 1996) . The resulting inhibition of cyclin developmental stage as also apparent in the fzr-defi-E/cdk2 activity therefore might activate FZR and thereby cient embryos (Kipreos et al., 1996) . prevent mitotic cyclin accumulation and ectopic cdk1 The closest yeast relative of fzr, however, is not CDC4 activity when cells become postmitotic. but HCT1, which is required for proteolysis of Clb2p
It is likely that FZY and FZR are involved in the degra-(Schwab et al., 1997), a budding yeast B-type cyclin with dation of proteins other than the known A-and B-type a characteristic destruction box as also present in Acyclins. It is thought that the degradation of proteins and B-type cyclins of higher eukaryotes. Drosophila fzr like the fission yeast cut2 protein is required for sister appears to be unable to provide HCT1 function in yeast chromatid separation in mitosis (Holloway et al., 1993; (S. J. S., C. F. L., and W. Seufert, unpublished data) . Irniger et al., 1995; Yamamoto et al., 1995; Funabiki et It remains to be demonstrated that FZR activates the al., 1996) , and fzy is clearly required not only for cyclin proteolytic degradation of mitotic cyclins. However, the degradation but also for sister chromatid separation in abnormal cyclin accumulation in both fzr and fzy mumitosis. It is possible, therefore, that FZY and FZR trigtants is not associated with an apparent increase in ger the proteolytic degradation of different subsets of transcript levels, indicating that FZR and FZY downproteins. regulate mitotic cyclins at a posttranscriptional level. If
In summary, while the function of fzr in the control of FZY and FZR trigger cyclin proteolysis as suspected, it the degradation of mitotic cyclins remains to be clarified, will be important to clarify their functional relationship it is clearly required for cell cycle exit at the correct with proteins known to be required for the ubiquitindevelopmental stage and for entry into endocycles. The dependent degradation of mitotic cyclins, with Cse1p conserved fzr gene therefore might be generally imporand the anaphase-promoting complex (APC), a complex tant in higher eukaryotes for transitions in the developmental cell cycle program. composed of several proteins (Miller et al., 1989 ) with a Drosophila fzy cDNA probe (Dawson et al., 1995; Sigrist et al., 1995) and hybridization at low stringency. All
Df (1) To analyze the consequences of premature overexpression, we constructed transgenic lines allowing Gal4-dependent expression strands (accession number Y14163).
To identify additional fzy and fzr genes in Drosophila and Xenopus, of either fzr (P[w ϩ , UAS-fzr]) or fzy (P[w ϩ , UAS-fzy]) using pUAST (Brand and Perrimon, 1993) and the corresponding cDNAs. Analowe synthesized primers for enzymatic amplification by polymerase chain reaction (PCR). The primers (5Ј-GGC TCT GGN GGN GAN gous transgenic lines with cyclin E constructs (P[w ϩ , UAS-CycE]) have been described previously (Lane et al., 1996) . Expression of CGN TWY ATH-3Ј and 5Ј-GGC GGA TCC ANK NAR NCC RCA NAC YTC YTG-3Ј) were designed to hybridize to regions that were found these transgenes was obtained in the progeny of crosses of these transgenic lines with a line carrying a transgene directing Gal4 exto be almost identical in Drosophila fzy and Xenopus fzr. In Drosophila fzy, the corresponding regions encode amino acids 85-91 and pression under control of either the prd or the en regulatory region (Brand and Perrimon, 1993 (Weinstein et al., 1994) . Subsequent analysis of cDNA clones confirmed that the corresponding Xenopus gene repa reduced anti-cyclin E labeling. The maternal cyclin E contribution present in CycE
AR95
/CycE AR95 embryos is sufficient for the completion resents a fzy homolog (T. Lorca, J.C. Labbé , S. J. S., C. F. L., and M. Doree, unpublished data).
of the entire cell proliferation program in the dorsal epidermis (Knoblich et al., 1994) . prd-Gal4-directed UAS-fzr expression in CyThe PCR products amplified from Drosophila were digested with BamHI to eliminate fragments derived from Drosophila fzy, which cE AR95 /CycE AR95 embryos (n ϭ 5), however, resulted in a 55% (Ϯ 5) reduction of the epidermal cell density in the UAS-fzr expressing contains two BamHI sites in the corresponding region. The remaining products were reamplified, size-fractionated on agarose segment A1, while it caused only a 25% (Ϯ 9) reduction in A1 of CycE ϩ sibling embryos (n ϭ 4) compared to A1 of wild-type embryos. gels, and sequenced after cloning into Bluescript KS(ϩ). A group of clones contained a fragment with a sequence that was more As expected, cell density in both CycE Ϫ embryos and CycE ϩ siblings in the neighboring A2 segments that do not express UAS-fzr was similar to Xenopus fzr than to vertebrate and Drosophila fzy sequences. This Drosophila fzr fragment was used as a probe for the indistinguishable from that of wild-type. isolation of cDNA clones (Brown and Kafatos, 1988) . A clone with a 2.5 kb insert was sequenced completely on both strands. This insert contained a single large open reading frame preceded by
In Situ Hybridization, BrdU Labeling, and Immunofluorescence The distribution of fzr transcripts during embryogenesis was anastop codons in the 5Ј region. Analysis of the two largest clones with a 2.6 kb insert revealed an extension in the 5Ј untranslated region.
lyzed by whole-mount in situ hybridization using RNA probes (Tautz The composite cDNA sequence has been deposited in the EMBL and Pfeifle, 1989; Knoblich et al., 1994) . BrdU pulse labeling and database (accession number Y14162). The fzr PCR fragment recogimmunolabeling was done as described previously (Knoblich et al., nized two bands on Northern blots. According to their apparent 1994). Antibodies for immunolabeling were obtained commercially mobility, the corresponding transcripts might be represented by the or have been previously described: rabbit antibodies against 2.5 kb and 2.6 kb cDNA clones.
␤-galactosidase (Cappel), mouse monoclonal antibody against Sequence comparisons were done using FASTA and PILE-UP ␤-tubulin (Amersham), a mouse monoclonal antibody against BrdU from the GCG software package. The accession numbers for the (Becton Dickinson), affinity-purified rabbit antibodies against cyclin sequences used for the dendrogram shown in Figure 1B are F11559 A (Lehner and O'Farrell, 1989) , affinity-purified rabbit antibodies for the human fzr clone, U05340 for Hs p55 CDC , and U22419 for against DAP (Lane et al., 1996) , and a rabbit antiserum against cyclin Drosophila fzy. The human fzr and the Xenopus fzy sequences are E (Lane et al., 1996) . partial sequences only.
For the experimental analysis of whether Hs-fzr expression rescued the abnormal pattern of BrdU incorporation in fzr-deficient embryos, we collected eggs from the Df (1) , Ubx-lacZ] stock on collection The chromosomal localization of Drosophila fzr was determined by plates during 1 hr at 25ЊC. After aging for 15 hr at 18ЊC, we floated in situ hybridization to polytene chromosomes. With a PCR assay the collection plates on a 37ЊC water bath for 5, 10, and 20 minutes. (Knoblich et al., 1994) , we tested for the presence of fzr on chromoAfter 1 hr of recovery at 25ЊC, we collected the eggs and continued somes carrying deletions in the fzr-containing X-chromosomal re-
with in situ hybridization to analyze expression levels or with BrdU gion 4C. While fzr was deleted by Df (1) 
